1. Introduction {#se0010}
===============

Prediction of delayed strains in concrete structures is crucial to assess its durability and serviceability conditions. These delayed strains can be classified as shrinkage and creep. The service life of a concrete structure depends on the curing conditions during the very early stage of the concrete\'s hardening process [@br0010]. Cracks that appear at early ages may lead to an increased deterioration in the concrete thereby accelerating the corrosion of the embedded reinforcement by facilitating the pollutants and moisture. Damage so initiated that grows with time reduces the load carrying capacity of a structure. In order to enable an accurate prediction of the temperature field in hardening concrete elements, the evolution of the thermal characteristics of early age concrete is studied as a function of the state of the hardening process. The degree of hydration and moisture distribution are treated as fundamental parameters, and used for the description of the early age mechanical properties. Several models (Gawin et al. [@br0020], Cervera et al. [@br0030]) have been developed for predicting the degree of hydration and moisture distribution in concrete at early age.

Gawin et al. [@br0020], [@br0040] proposed a numerical model to simulate concrete response at early ages and beyond. This model consider the concrete to be treated as a partially saturated porous material permitting the consideration of a hydration, evaporation--condensation, adsorption--desorption phenomena and nonlinearities due to temperature and pressure. According to this model the solid skeleton voids are filled with liquid water, water vapor and dry air. This model treated the dry air and water vapor phase through separate mass balance equations, Fourier equation to account for temperature balance and momentum balance equation is used to solve displacements. This study treated a fully coupled phenomena between each phase. This model is more sensitive to input parameters and also the model is more complicated and requires more computational power to solve the balance equations.

Using of high strength and high performance concrete is increasing rapidly in recent years. To achieve this high strength, many mineral admixtures (Fly ash, blast-furnace slag, silica fume etc.) are used in the concrete. Estimating time dependent deformations such as creep and shrinkage is very important for these newly developed concretes to its durability point of view. Ross [@br0050] conducted creep tests on concretes containing fly ash. In these tests [@br0050], the fly ash has replaced up to 25% of total OPC and this study reported that 15% reduction in creep when compared to 100% OPC concrete. Bamforth [@br0060] studied concretes containing fly ash and granulated furnace slag on various properties including creep. In this study, the concretes containing fly ash of 30% of total OPC showed 50% less creep strain than the concrete containing no fly ash. Lohtia et al. [@br0070] studied creep behavior of fly ash blended concrete by replacing cement with fly ash from 0 to 25%. Unlike to Ross [@br0050], this study shows an increase in creep for concretes containing more than 15% of fly ash than the normal concrete (without fly ash).

Buill and Acker [@br0080] studied the creep properties of concretes where the part (25%) of the cement is replaced with silica fume as a mineral admixture. This study concluded that the silica fume containing specimen under drying conditions exhibited a lower creep than the controlled (no silica fume) specimen. Where as under sealed condition silica fume concrete showed a 12% higher creep than the controlled specimen.

Khatri and Sirivivatnanon [@br0090] studied the creep properties of concrete mixes, where silica fume is mixed with other mineral admixtures, such as blast-furnace slag and fly ash. The mix containing 10% of silica fume showed a lesser creep than the controlled mix (no silica fume). Where as the mix containing 65% of blast-furnace slag and 10% of silica fume did not effect in creep strain when compared with the controlled mix (100% OPC concrete). This study [@br0090] also indicated that creep strain in the mix containing fly ash of 15% or 25% with 10% silica fume is increased, when compared to the controlled mix. Mazloon et al. [@br0100] studied the long term creep properties for concrete mixes containing silica fume (0, 6, 10, 12%), and shows that the creep strain decreased with increase in silica fume.

The studies came up with different conclusions on creep for concrete containing high volume fly ash (HVF). Some studies [@br0050], [@br0060] shows that the increase in fly ash content increases creep where as some other authors [@br0070], [@br0110] concluded that the increase in fly ash content decreases the creep. This needs a further investigation on creep for concretes containing high volume fly ash. Few authors [@br0120], [@br0130], [@br0140] studied the creep effects in self compacted concrete (SCC) mixes containing mineral admixtures. No studies showed the effects of iron ore aggregate on creep strain in the concrete.

There are numerous reasons reported in the literature for differences in creep in various concretes. Unhydrated fly ash, particularly in high volume fly ash mix, serves as micro aggregates and restrains the creep deformation. Since, creep has been controlled by different mechanisms, in this study an attempt has been made to study the creep behavior of different types of concrete made with different ingredients. Firstly, a study is carried out by comparing two types of concrete such normal vibrated concrete and self compacting concrete. As self compacting concretes are made with more volume of paste, the problem of creep is predominant and it needs to be studied. Secondly, low volume fly ash concrete behaves differently than high volume fly ash concrete in developing creep properties due to the above mentioned reasons. Hence, the influence of volume of fly ash needs to be studied. Thirdly, aggregates have a significant role to play in controlling the creep properties. In view of this, two types of aggregates like conventional aggregate and hematite aggregates were used in this study. Overall, this study aims to investigate the influence of various ingredients on creep properties by conducting experiments. Further, a model to predict the creep behavior in various types of concrete by analytically has been developed and validated.

2. Experimental {#se0020}
===============

2.1. Raw materials {#se0030}
------------------

The aggregates used in the concrete were siliceous aggregate (granite) as the coarse aggregate conforming to IS:383 (1970) [@br0150]. The hematite ore aggregate used for the special concrete that has been used in the nuclear power plant structures. These aggregates were extracted from the hematite ore as a maximum size of 20 mm. River sand and crushed siliceous stone (quarry dust) conforming to IS:383 (1970) [@br0150] was used as a fine aggregate in the concrete. The fine aggregates for heavy density concrete is also extracted from the hematite ore conforming to IS:383 (1970) [@br0150]. Type III cement (grade 53) conforming to IS:12269 (1987) [@br0160] was used in the mix design as a binding material. In addition to cement, Class F fly ash [@br0170] and silica fume (micro silica) as mineral admixtures were used for the preparation of self compacted concrete and High volume fly ash concrete. A Polycarboxylic ether, a polymer based super-plasticiser [@br0180] was used in the mix design as a high range water reducer for improving workability of concrete in fresh state. Potable water was used in all the mixes. The chemical composition of the cement, fly ash and silica fume are as shown in the [Table 1](#tbl0010){ref-type="table"}.Table 1Chemical composition of cement, fly ash and silica fume \[%\].Table 1CompoundCementFly ashSilica fume*CaO*64.16.02--*SiO*~2~21.062.6395.60*Al*~2~*O*~3~5.115.5--*Fe*~2~*O*~3~3.16.5--*MgO*2.53.0--*SO*~3~2.2----*K*~2~*O*0.7----*Na*~2~*O*0.3----Chloride0.03----Insolubles0.32.0--Loss on Ignition0.64.352.40Free lime0.80----

2.2. Mix details {#se0040}
----------------

Four different concretes, namely normal strength (M35, M45), heavy density (H25), self compacted (SCC35, SCC55 and SCC70) and high volume fly ash (F45) concrete with total 7 mixes were prepared to study the creep. The mix details is as shown in the [Table 2](#tbl0020){ref-type="table"}.Table 2Concrete mix proportions given in values of kg/m^3^ of concrete.Table 2H25[\*](#tf0010){ref-type="table-fn"}M35[\*](#tf0010){ref-type="table-fn"}M45[\*](#tf0010){ref-type="table-fn"}F45[\*](#tf0010){ref-type="table-fn"}SCC35[\*](#tf0010){ref-type="table-fn"}SCC55[\*](#tf0010){ref-type="table-fn"}SCC70[\*](#tf0010){ref-type="table-fn"}C350350385300490480498  **CA (G)**40 mm03310000020 mm044161370300012 mm0331409444758699683  **CA (IO)**20 mm111600000012 mm704000000  ***F******A***~***g***~NRS0470492241865819838CS (G)82320334463000IOS134000000w/c0.480.450.40.480.450.450.39w/b0.480.450.40.290.450.380.30FA00020009698SF00 000049AD4.324.554.936.13.618.7810.08[^1]

In this study, the first alphabets of the mix denotes the type of concrete and is followed by the numeric value that represents its average compressive strength tested after 28 days from casting and cured under water. High volume fly ash concrete denoted by 'F', normal strength concrete represented by 'M' and self compacted concrete denoted as SCC, and heavy density concrete represented as 'H'. For example SCC35 represents, self compacted concrete and its average uniaxial compressive strength is 35 MPa. For SCC35 no mineral admixture is added, where as for SCC55, fly ash is added as a mineral admixture and for SCC70, both fly ash (class F) and silica fume (micro silica) were added as mineral admixture. For high volume fly ash concrete (F45), 40% of cement by weight was replaced with class 'F' fly ash. For Heavy density concrete, a hematite ore aggregate is used as coarse and fine aggregate.

2.3. Specimen preparation for creep {#se0050}
-----------------------------------

A standard cylinder specimen of 300 mm in height and 150 mm in diameter is used for measuring creep strain for all the 7 mixes specified in the [Table 2](#tbl0020){ref-type="table"}. The cylinders were cast and immediately the surface was sealed using plastic wrap and placed in the walk-in humidity and temperature controlled chamber. At an age of 24 hours, the specimens were demolded. Sets of companion cubes were kept in the room under the same condition and tested under uniaxial compression to know the strength of the concrete at the time of testing the creep specimen. The top and bottom surfaces were sealed to prevent drying. However, the lateral surface were exposed to controlled temperature and humidity in the chamber and were undergoing gradual drying. These specimens were cured under different relative humidities of 60%, and 70% with constant temperatures of 25 °C in separate controlled chambers until the tests were completed. Further the specimens have been loaded at different ages to assess the influence of concrete age on creep in concrete.

The creep rig has been used for loading the concrete specimen as shown in [Figure 1](#fg0010){ref-type="fig"}, [Figure 2](#fg0020){ref-type="fig"}. Three specimens were placed one on top of the other in the creep frame for loading as per ASTM [C512](astm:C512){#inf0010} [@br0190]. Demec gauge pins were fixed on two pairs of two diametrically opposite faces of the cylinder with a standard gauge length (100 mm), so that an average strain across each specimen could be reckoned from periodic measurements at constant load. The loading was applied through a jack and the load level measured by a load cell as shown in [Figure 1](#fg0010){ref-type="fig"}. Once the desired load level was reached, this was locked by using the locking nuts on each corner post of the frame. Different levels of loading (20% and 30% of $f_{c}$) was applied on these specimens. After application of desired load the instantaneous strain of the specimen was measured immediately by using Demec gauge (strain gauge used for measuring the strains between two Demec points and the least count of the gauge is 0.0000157 m). The strain measurements are taken at each day after jacking to ensure constant load is maintained till the completion of the test. Combinations of load levels for each mix and age at loading and RH have been tested in the present study. The data has been reported by normalizing the compliance with respect to the applied load. The normalized total compliance was estimated by deducting the shrinkage strain measured from the companion prism specimens cured at similar conditions of the creep specimen. The water loss was also measured each time simultaneously by weighing the companion specimens and computed the change in weight. The shrinkage strains at different ages are presented in the [Table 3](#tbl0030){ref-type="table"}, [Table 4](#tbl0040){ref-type="table"}. The water loss data for all the concretes measured at different ages are given in the [Table 5](#tbl0050){ref-type="table"}, [Table 6](#tbl0060){ref-type="table"}.Figure 1Schematic representation of test setup for creep.Figure 1Figure 2Reaction frame for creep test.Figure 2Table 3Shrinkage (in micro strains) data for all concretes, cured at 60% RH and 25 °C.Table 3H25M35M45F45SCC35SCC55SCC707 days2101801601971641108214 days45832030024534516113528 days51441538029944926322950 days59046144037647532129075 days643520530467545443412100 days665555540515571445431114 days672559548538582451442128 days681562560540591457448Table 4Shrinkage (in micro strains) data for all concretes, cured at 70% RH and 25 °C.Table 4H25M35M45F45SCC35SCC55SCC707 days154155147131101666514 days38428026015821011010328 days45234031522529623520850 days54541036031037533329875 days611465450321502396310100 days635492470404530427365114 days641510490407547434379128 days650525505410556439383Table 5Water loss (by its weight percent) data for all concretes, cured at 60% RH and 25 °C.Table 5H25M35M45F45SCC35SCC55SCC707 days1.401.190.7260.480.450.250.1914 days1.551.290.8870.630.720.500.2528 days1.671.371.250.701.190.650.3250 days1.881.411.370.521.330.970.475 days1.921.521.470.1.11.441.100.5100 days1.981.571.501.21.521.160.54114 days2.031.601.531.211.531.170.58128 days2.041.611.541.211.541.180.6Table 6Water loss (by its weight percent) data for all concretes, cured at 70% RH and 25 °C.Table 6H25M35M45F45SCC35SCC55SCC707 days1.231.080.550.460.380.230.1514 days1.361.280.800.580.730.370.1928 days1.461.380.940.690.870.470.2550 days1.591.411.130.750.950.710.3075 days1.681.451.280.831.080.880.42100 days1.731.471.290.921.171.060.48114 days1.771.491.370.971.211.070.51128 days1.781.501.380.991.231.080.53

2.4. Experimental results {#se0060}
-------------------------

### 2.4.1. Compressive strength {#se0070}

Compressive strength of companion concrete was measured using the standard cube of dimension $150\ \text{mm} \times 150\ \text{mm} \times 150$ mm. Compressive strength measured at different levels of ages starting from 14 days, 28 days, 90 days, 180 days and 360 days by taking an average value of 4 specimens. These specimens were water cured till 28 days and here after cured in the controlled chambers where the relative humidity and temperature were controlled. The plots of the average compressive strengths with the age is as shown in the [Figure 3](#fg0030){ref-type="fig"} (water cured till 28 days, and there after cured in controlled environment of 60% and 70% RH, and 25 °C of temperature). From the figure one can observe that the F45 concrete exhibiting a prolonged increase in compressive strength due to its delayed hydration from the presence of fly ash.Figure 3Average compressive strength of all concretes at different ages.Figure 3

### 2.4.2. Creep results {#se0080}

[Figure 4](#fg0040){ref-type="fig"} shows the variation in average total creep compliance (J) for all concretes loaded at 14 days and tested at the controlled conditions of 60% RH and 25 °C. The x-axis shows the age in days ($t - t_{1}$) (*t* is the time that the creep is measured and $t_{1}$ is the time at application of load) in logarithmic scale and the y-axis shows the total compliance (normalized with the applied stress) in normal scale. From the Figure, it is observed that the creep strains are higher for the heavy density concrete (25 MPa) than for either normal density concrete (35 MPa or 45 MPa). This may be attributed to the hematite aggregate having a lower water absorption value [@br0200] than the normal aggregate (granite) and this leads to a larger amounts of free water being available for drying. This free water causes more drying and results in higher drying creep strain. When comparing high volume fly ash concrete (F45) to normal vibrated concrete M45, the F45 concrete shows a lower creep strain than M45 concrete. This is firstly due to F45 concrete having lower porosity than the M45 concrete and secondly the high volume fly ash concretes shows a prolonged hydration and this increases the compressive strength beyond the 28 days of concrete age ([Figure 3](#fg0030){ref-type="fig"}). The increase in compressive strength of F45 concrete shown in the [Figure 3](#fg0030){ref-type="fig"}. The stiffness of F45 concrete also increases with the age due to its prolonged hydration. This is very important for practical applications of fly ash in concrete. When comparing M35 and SCC35, the SCC35 shows a higher creep than the M35 concrete. This is because of the aggregate cement ratio (a/c) of M35 is higher than the SCC35 concrete. The more the a/c ratio in concrete exhibits lesser creep strain [@br0210]. SCC55 concrete shows a lower creep strain than the conventional concretes (M35 and M45) and this concrete contains a 16% of fly ash replacing cement. SCC70 concrete shows lower creep strains than the other concretes including conventional (M35 and M45) and SCC concretes (SCC35 and SCC55). SCC70 concrete contains a 10% of silica fume and 16% of fly ash and this mineral admixtures making the concrete denser which results in a lower permeability. The lower permeability causes a slow drying process hence progress of drying creep is slow.Figure 4Creep strain measurements for all concretes cured at 60% RH and 25 °C temperature and loaded at 14 days.Figure 4

[Figure 5](#fg0050){ref-type="fig"} shows the total compliance for all the concretes that were loaded at 28 days and tested at the controlled condition of 60% RH and 25 °C. This Figure shows a lower creep strain for all the concretes loaded at 28 days, when compared to the concretes loaded at 14 days. This is because, lower age specimens have higher moisture content and there lower strength and stiffness than the higher age specimens. The more the presence of moisture content then more the drying creep. [Figure 6](#fg0060){ref-type="fig"}, [Figure 7](#fg0070){ref-type="fig"} shows the creep strains for all concretes loaded at 14 and 28 days respectively and tested at the ambient condition of 70% RH and 25 °C. The specimens cured at lower humidities shows a higher creep strain than the specimens cured at higher humidities.Figure 5Creep strain measurements for all concretes cured at 60% RH and 25 °C temperature and loaded at 28 days.Figure 5Figure 6Creep strain measurements for all concretes cured at 70% RH and 25 °C temperature and loaded at 14 days.Figure 6Figure 7Creep strain measurements for all concretes cured at 70% RH and 25 °C temperature and loaded at 28 days.Figure 7

3. Theory {#se0090}
=========

The mathematical model is inspired by the theoretical approach developed by Olivier Coussy et al. [@br0220], [@br0230], [@br0240] that is based on a poromechanics. There are a number of differences in the model developed in the present study from that reported in the works of Coussy [@br0220], [@br0230], [@br0240]. The differences are highlighted in the subsequent sections. The state variables of the model are capillary pressure $p_{c}$, temperature T, and displacement vector u. The dependent variables are considered as a function of the degree of hydration *α*.

3.1. General assumptions {#se0100}
------------------------

The following assumptions have been made to develop coupled equations.•Concrete is treated as a multiphase porous material consisting of solid skeleton, water and water vapor.•The effect of dry air is neglected since its mass is much smaller when compared to that of water and water vapor mass.•The voids in concrete is partially filled with water and water vapor.•The velocity of the solid skeleton is neglected, assuming that the solid skeleton velocity is much slower than the other species.

3.2. Governing equations {#se0110}
------------------------

The model is developed based on a state of thermodynamic equilibrium being established locally (slow phenomena). Phase changes and chemical reactions (hydration) are taken into account in the model development. The model is partially uncoupled with the mechanical solution on capillary pressure and temperature. The model accounts for various moisture, energy and transport phenomena (Characteristic of the various phases of concrete). Evolution of material properties (porosity, permeability, strength properties) with the extent of hydration of concrete is considered in the model. Material nonlinearities due to temperature, capillary pressure, moisture content are included in this development. The model considers a representative elementary volume to describe the micro scale processes and a volume averaging theory to develop the macroscopic (space averaged) balance equations [@br0250], [@br0260]. In the original formulation [@br0220], [@br0230], [@br0240] the energy equation has not been considered. In the present model the energy equation is considered and coupled through Kelvin equation (specified as the equation [(7)](#fm0070){ref-type="disp-formula"} later). The present model accounts for hydration effects on concretes containing mineral admixtures which was not considered in the referred model [@br0220], [@br0230], [@br0240]. The details of the hydration model is given in the hydration section later (section [3.4](#se0220){ref-type="sec"}).

*Mass balance equation*:

The macroscopic balance equation of mass for the phase *β* of the porous media is [@br0220]$$\frac{\partial\left( \rho_{\beta}nS_{\beta} \right)}{\partial t} + \bigtriangledown .\left( \rho_{\beta}nS_{\beta}\mathbf{v}_{\beta} \right) = 0$$ Where, $\rho_{\beta}$ is density of the phase, $\mathbf{v}_{\beta}$ is the velocity of *β* phase, $S_{\beta}$ is the saturation and *n* is the porosity. Further,$$\sum\limits_{\beta}S_{\beta} = 1$$ The moist concrete voids consist water (w) and water vapor (v). In the above equation *β* represents these phases. Using the equation [(1)](#fm0010){ref-type="disp-formula"}, the balance equation for each phase as:

Mass balance equation for water vapor:$$\frac{\partial\left( n(1 - S_{w})\rho_{v} \right)}{\partial t} + \bigtriangledown .\left( \eta_{v}\rho_{v}\mathbf{v}_{v} \right) = \overset{˙}{M_{v}}$$

Mass balance equation for water:$$\frac{\partial\left( nS_{w}\rho_{w} \right)}{\partial t} + \bigtriangledown .\left( \eta_{w}\rho_{w}\mathbf{v}_{w} \right) = - {\overset{˙}{m}}_{hydr} - \overset{˙}{M_{v}}$$ where $M_{v}$ is the mass source and ${\overset{˙}{m}}_{hydr}$ is the mass of hydration which is detailed in the hydration model section [3.4](#se0220){ref-type="sec"}.

Combining the mass balance equation of water (equation [(4)](#fm0040){ref-type="disp-formula"}) and water vapor (equation [(3)](#fm0030){ref-type="disp-formula"}) to eliminate the vaporization source term ($M_{v}$), the final form of the equation becomes equation [(5)](#fm0050){ref-type="disp-formula"}.$$\frac{\partial\left( nS_{w}\rho_{w} + n(1 - S_{w})\rho_{v} \right)}{\partial t} + \bigtriangledown .\left( \eta_{w}\rho_{w}\mathbf{v}_{w} + \eta_{v}\rho_{v}\mathbf{v}_{v} \right) = - {\overset{˙}{m}}_{hydr}$$ The transport of liquid water and water vapor is assumed to be governed by Darcy\'s law. Then the velocity component for a phase can be written as:$$n\mathbf{v}_{\beta} = - \frac{K}{\mu_{\beta}}k_{r\beta} \bigtriangledown p_{\beta}$$ In equation [(6)](#fm0060){ref-type="disp-formula"}, K is permeability of the concrete, $k_{r\beta}$ is the relative permeability, $\mu_{\beta}$ and $p_{\beta}$ are the viscosity and pressure of each phase of the concrete.

Kelvin equation [@br0270] to establish equilibrium between capillary water and water vapor is given in equation [(7)](#fm0070){ref-type="disp-formula"}.$$ln\left( \frac{p_{v}}{p_{sat}} \right) = - \frac{p_{c}}{\rho_{w}}\frac{M_{w}}{RT}$$ and$$p_{w} = p_{v} - p_{c}$$ Where $p_{v}$, $p_{c}$, $p_{sat}$ and $p_{w}$ are the vapor, capillary, saturated vapor and water pressure respectively.

*Enthalpy balance equation*:

The enthalpy balance equation for a multiphase system can be defined as:$$\left( \rho C_{p} \right)_{eff}\frac{\partial T}{\partial t} + \rho C_{p}\mathbf{v}. \bigtriangledown T - \bigtriangledown .\left( \lambda_{eff} \bigtriangledown T \right) = L_{hydr}\overset{˙}{\alpha}$$ with,$$\left( \rho C_{p} \right)_{eff} = C_{pw}\rho_{w}\eta_{w} + C_{pv}\rho_{v}\eta_{v} + C_{ps}\rho_{s}\eta_{s}$$$$\rho C_{p}\mathbf{v} = C_{pw}\rho_{w}\eta_{w}\left( - \frac{Kk_{rw}}{\mu_{w}} \bigtriangledown p_{w} \right) + C_{pv}\rho_{v}\eta_{v}\left( - \frac{Kk_{rg}}{\mu_{g}} \bigtriangledown p_{v} \right)$$ Where, $\left( \rho C_{p} \right)_{eff}$ is the effective volumetric heat capacity, $C_{p\beta}$ is the individual heat capacities of it\'s phase *β*. $\lambda_{eff}$ is the effective thermal capacity of the moist concrete.

Using the latent heat of evaporation term in the multi phase enthalpy equation [(9)](#fm0090){ref-type="disp-formula"}, the modified equation becomes$$\left( \rho C_{p} \right)_{eff}\frac{\partial T}{\partial t} + \rho C_{p}\mathbf{v}. \bigtriangledown T - \bigtriangledown .\left( \lambda_{eff} \bigtriangledown T \right) = - h_{v}M_{v} + L_{hydr}\overset{˙}{\alpha}$$ Where, $h_{v}$ is the enthalpy of vaporization. The mass vaporization term ($M_{v}$) is obtained either from the equation [(3)](#fm0030){ref-type="disp-formula"} or equation [(4)](#fm0040){ref-type="disp-formula"}.

*Momentum balance equation*:

Navier--Stoke\'s equation to describe the displacements for the multiphase material can be written as [@br0280]:$$\bigtriangledown \mathbf{\sigma} + \rho\mathbf{g} = 0$$ Where, ***σ*** is the effective stress tensor, *ρ* is the density of the multi phase material and **g** is the acceleration due to gravity. The mass density *ρ* of multi phase system can be described as [@br0290]:$$\rho = (1 - n)\rho_{s} + nS_{w}\rho_{w} + n(1 - S_{w})\rho_{v}$$ The state equations after introducing the constitutive relationships, in final form are as follows:

*Mass balance equation for water and water vapor phase:*$$\begin{aligned}
 & {\frac{\left( \rho_{w}S_{w} \right)}{\partial t} + \frac{\partial\left( n\left( 1 - S_{w} \right)\rho_{v} \right)}{\partial t} - \bigtriangledown .\left( \rho_{w}\frac{Kk_{rw}}{\mu_{w}} \bigtriangledown \left( p_{v} - p_{c} \right) \right)} \\
 & {- \bigtriangledown .\left( \rho_{v}\frac{Kk_{rg}}{\mu_{g}} \bigtriangledown p_{v} \right) = {\overset{˙}{m}}_{hydr}} \\
\end{aligned}$$

*Enthalpy balance equation*

The final farm of the enthalpy balance equation for the multi phase system is defined in the equation [(16)](#fm0160){ref-type="disp-formula"}.$$\begin{aligned}
 & {\left( \rho C_{p} \right)_{eff}\frac{\partial T}{\partial t} + C_{pw}\rho_{w}\eta_{w}\left( - \frac{Kk_{rw}}{\mu_{w}} \bigtriangledown p_{w} \right). \bigtriangledown T} \\
 & {+ C_{pv}\rho_{v}\eta_{v}\left( - \frac{Kk_{rg}}{\mu_{g}} \bigtriangledown p_{v} \right). \bigtriangledown T} \\
 & {+ h_{v}\left( \frac{\rho_{w}S_{w}}{\partial t} \right) - h_{v}\left( \bigtriangledown .\left( \rho_{w}\frac{Kk_{rw}}{\mu_{w}} \bigtriangledown \left( p_{g} - p_{c} \right) \right) \right)} \\
 & {- h_{v}\left( {\overset{˙}{m}}_{hydr} \right) - \bigtriangledown .\left( \lambda_{eff} \bigtriangledown T \right) = L_{hydr}\overset{˙}{\alpha}} \\
\end{aligned}$$

*Linear momentum balance equation*$$\bigtriangledown \mathbf{\sigma} + \rho\mathbf{g} = 0$$

### 3.2.1. Initial and boundary conditions {#se0120}

The initial conditions of the primary variables are specified at time $t = 0$ on both domain Ω and boundary Γ. The boundary conditions of the problem can be described as Dirichlet or Cauchy\'s type boundary conditions.

*The Dirichlet type boundary conditions are:*$$\begin{aligned}
 & {p_{c}(t) = {\overline{p}}_{c}(t)\qquad\text{on}\qquad\Gamma} \\
 & {T(t) = \overline{T}(t)\qquad\text{on}\qquad\Gamma} \\
 & {\mathbf{u}(t) = \overline{\mathbf{u}}(t)\qquad\text{on}\qquad\Gamma} \\
\end{aligned}$$

*The Cauchy type boundary conditions are defined as:*$$\begin{aligned}
 & {(\rho_{w}\eta_{w}\mathbf{v}_{w} + \rho_{v}\eta_{v}\mathbf{v}_{v} + \mathbf{J}_{v}).\mathbf{n} = q_{w} + q_{v} + \beta_{s}(\rho_{v} - \rho_{v\infty})\qquad\text{on}\qquad\Gamma} \\
 & {(\rho_{w}\mathbf{v}_{w}h_{v} - \lambda_{eff} \bigtriangledown T).\mathbf{n} = q_{T} + \alpha_{c}(T - T_{\infty}) + e\sigma_{0}(T^{4} - T_{\infty}^{4})\qquad\text{on}\qquad\Gamma} \\
 & {{\mathbf{\sigma}.\mathbf{n}} = \overline{\mathbf{t}}\qquad\text{on}\qquad\Gamma} \\
\end{aligned}$$ Where **n** refers the unit normal vector, $\overline{\mathbf{t}}$ is the traction applied on the boundary, $\rho_{v\infty}$ is the mass concentration of vapor in the surrounding environment and $T_{\infty}$ is the environmental temperature. *e* is the emissivity, $\sigma_{0}$ is the Stephen--Boltzmann constant, $\alpha_{c}$ is the heat exchange coefficient, $\beta_{c}$ is the mass exchange coefficients of vapor. $q_{w}$, $q_{v}$ and $q_{T}$ are the flux of water, vapor and temperature respectively.

Galarkin weighted residual finite element procedure is used to convert the above set of partial differential equations in to weak form equations. The final form the equations in the form of coefficient matrices is represented through equation [(20)](#fm0200){ref-type="disp-formula"}.$$\mathbf{C}\overset{˙}{\mathbf{x}} + \mathbf{Kx} = \mathbf{f}$$ where,$$\mathbf{C} = \begin{pmatrix}
{\mathbf{C}_{\mathbf{vv}}\quad} & {0\quad} & 0 \\
{\mathbf{C}_{\mathbf{tv}}\quad} & {\mathbf{C}_{\mathbf{tt}}\quad} & 0 \\
{0\quad} & {0\quad} & 0 \\
\end{pmatrix}\ \mathbf{K} = \begin{pmatrix}
{\mathbf{K}_{\mathbf{vv}}\quad} & {\mathbf{K}_{\mathbf{vt}}\quad} & 0 \\
{\mathbf{K}_{\mathbf{vp}}\quad} & {\mathbf{K}_{\mathbf{vt}}\quad} & 0 \\
{0\quad} & {0\quad} & \mathbf{K}_{\mathbf{uu}} \\
\end{pmatrix}\ \mathbf{f} = \begin{pmatrix}
\mathbf{f}_{\mathbf{v}} \\
\mathbf{f}_{\mathbf{t}} \\
\mathbf{f}_{\mathbf{u}} \\
\end{pmatrix}$$ Coefficients of the matrices **C**, **K** and **f** are as follows:$$\mathbf{C}_{\mathbf{v}\mathbf{v}} = \int\limits_{\Omega}\mathbf{N}_{\mathbf{v}}^{\mathbf{T}}\left\lbrack \frac{\left( \rho_{w}S_{w}n \right)}{\partial t}\mathbf{N}_{\mathbf{v}} + \frac{\partial\left( n\left( 1 - S_{w} \right)\rho_{v} \right)}{\partial t}\mathbf{N}_{\mathbf{v}} \right\rbrack\ d\Omega$$$$\mathbf{C}_{\mathbf{t}\mathbf{t}} = \mathbf{N}_{\mathbf{t}}^{\mathbf{T}}\left\lbrack \left( \rho C_{p} \right)_{eff}\mathbf{N}_{\mathbf{t}} + h_{v}\left( \frac{\rho_{w}n\partial S_{w}}{\partial T} \right)\mathbf{N}_{\mathbf{t}} \right\rbrack d\Omega$$$$\mathbf{C}_{\mathbf{t}\mathbf{v}} = \mathbf{N}_{\mathbf{t}}^{\mathbf{T}}\left\lbrack h_{v}\frac{\left( \rho_{w}nS_{w} \right)}{\partial p_{v}}\mathbf{N}_{\mathbf{v}} \right\rbrack d\Omega$$$$\mathbf{K}_{\mathbf{v}\mathbf{v}} = \int\limits_{\Omega}\left( \bigtriangledown \mathbf{N}_{\mathbf{v}} \right)^{T}\left\lbrack \left( \rho_{w}\frac{\mathbf{K}k_{rw}}{\mu_{w}}\left( - 1 + \frac{\partial p_{c}}{\partial p_{v}} \right) + \rho_{v}\frac{\mathbf{K}k_{rg}}{\mu_{g}} \right) \bigtriangledown \mathbf{N}_{\mathbf{v}} \right\rbrack\ d\Omega$$$$\mathbf{K}_{\mathbf{v}\mathbf{t}} = \int\limits_{\Omega}\left( \bigtriangledown \mathbf{N}_{\mathbf{v}} \right)^{T}\left\lbrack \left( \rho_{w}\frac{\mathbf{K}k_{rw}}{\mu_{w}}\left( - \frac{\partial p_{c}}{\partial T} \right) \right) \bigtriangledown \mathbf{N}_{\mathbf{t}} \right\rbrack\ d\Omega$$$$\mathbf{K}_{\mathbf{t}\mathbf{t}} = \int\limits_{\Omega}\left( \bigtriangledown \mathbf{N}_{\mathbf{t}} \right)^{T}\left\lbrack \mathbf{\lambda}_{\mathbf{eff}} \bigtriangledown \mathbf{N}_{\mathbf{t}} \right\rbrack\ d\Omega$$$$\begin{array}{rcl}
\mathbf{K}_{\mathbf{t}\mathbf{v}} & = & {\int\limits_{\Omega}\left( \bigtriangledown \mathbf{N}_{\mathbf{t}} \right)^{T}\left\lbrack \left( \rho_{w}\frac{\mathbf{k}k_{rw}}{\mu_{w}}\left( - 1 + \frac{\partial p_{c}}{\partial p_{v}} \right)h_{v} \right) \bigtriangledown \mathbf{N}_{\mathbf{v}} \right\rbrack\ d\Omega} \\
 & & {+ \int\limits_{\Omega}\left( \mathbf{N}_{\mathbf{t}} \right)^{T}\left\lbrack \left\lbrack \left( C_{pw}\rho_{w}\left( \frac{Kk_{r}w}{\mu_{w}}\left( - 1 + \frac{\partial p_{c}}{\partial p_{v}} \right) \right) \right) \bigtriangledown \mathbf{N}_{\mathbf{v}} \right\rbrack. \bigtriangledown T \right\rbrack d\Omega} \\
 & & {+ \int\limits_{\Omega}\left( \mathbf{N}_{\mathbf{t}} \right)^{T}\left\lbrack \left\lbrack \left( C_{pv}\rho_{v}\left( \frac{Kk_{r}g}{\mu_{g}} \bigtriangledown \right) \right) \bigtriangledown \mathbf{N}_{\mathbf{v}} \right\rbrack. \bigtriangledown T \right\rbrack d\Omega} \\
\end{array}$$$$\mathbf{K}_{\mathbf{u}\mathbf{u}} = - \int\limits_{\Omega}{\mathbf{B}^{\mathbf{T}}\mathbf{C}\mathbf{B}}\ d\Omega$$$$\mathbf{f}_{\mathbf{v}} = \int\limits_{\Omega}\left( \mathbf{N}_{\mathbf{v}} \right)^{T}\left\lbrack - m_{hydr} \right\rbrack\ d\Omega + \int\limits_{\Gamma}\mathbf{N}_{\mathbf{v}}^{\mathbf{T}}\left\lbrack q_{w} + q_{v} + \beta_{s}(\rho_{v} - \rho_{v\infty}) \right\rbrack d\Gamma$$$$\mathbf{f}_{\mathbf{t}} = \int\limits_{\Omega}\left( \mathbf{N}_{\mathbf{t}} \right)^{T}\left\lbrack h_{de}( - m_{hydr}) \right\rbrack\ d\Omega - \int\limits_{\Gamma}\mathbf{N}_{\mathbf{t}}^{\mathbf{T}}\left\lbrack q_{T} + \alpha_{c}(T - T_{\infty}) + e\sigma_{0}(T^{4} - T_{\infty}^{4}) \right\rbrack\ d\Gamma$$$$\mathbf{f}_{\mathbf{u}} = \int\limits_{\Omega}\left( \mathbf{N}_{\mathbf{u}} \right)^{T}\rho\mathbf{g}d\Omega + \int\limits_{\Gamma}{\mathbf{N}_{\mathbf{u}}}^{\mathbf{T}}.\overline{\mathbf{t}}\ d\Gamma$$ The above discretized equation [(20)](#fm0200){ref-type="disp-formula"} have been implemented on COMSOL^®^ interfaced with MATLAB^®^ to obtain the solutions.

3.3. Material transport properties of concrete {#se0130}
----------------------------------------------

### 3.3.1. Sorption/desorption isotherms and water content {#se0140}

Sorption/desorption isotherm gives the relation between relative humidity and water content of the porous material. According to the literature ([@br0440], [@br0450], [@br0460]) there are several formulations available to describe the sorption/desorption of the concrete. In the present model sorption /desorption isotherms proposed by Baroghel-Bounya et al. [@br0240] is adopted. This formulation describes the sorption/desorption isotherms for normal and high performance concrete. This relationship described in the equation [(32)](#fm0330){ref-type="disp-formula"}.$$p_{c}\left( S_{w} \right) = a\left( S_{w}^{- b} - 1 \right)^{1 - 1/b}$$ Where, 'a' and 'b' are the material constants, it is estimated from the experiments.

### 3.3.2. Permeability {#se0150}

The permeability of concrete is defined as a function of hydration [@br0020]. The permeability of a concrete can be defined as:$$k = k_{\infty}10^{A_{kn}\alpha}$$ Where, $k_{\infty}$ is the permeability of concrete when the degree of hydration is unity and $A_{kn}$ is the material parameter, generally its value taken as in the range of 6 to 10.

### 3.3.3. Relative permeability {#se0160}

Relative permeabilities of water and gas can be defined through the equations [(34)](#fm0350){ref-type="disp-formula"} and [(35)](#fm0360){ref-type="disp-formula"} [@br0240].$$k_{rw} = \sqrt{S_{w}}\left( 1 - \left( 1 - {(S_{w})}^{b} \right)^{1/b} \right)^{2}$$$$k_{rw} = \sqrt{1 - S_{w}}\left( 1 - {(S_{w})}^{b} \right)^{2/b}$$ Where, $k_{rw}$ and $k_{rg}$ are the relative permeability of water and gas respectively. 'a' and 'b' are the constants, which are depended on the type of concrete.

### 3.3.4. Saturated water vapor pressure {#se0170}

The saturated water vapor expression as a function of temperature is defined as [@br0470]:$$p_{sat} = p_{atm}exp\left( \frac{\bigtriangleup H}{T}\frac{T - 373.15}{373.15T} \right)$$ with $\bigtriangleup H = 39583.85$ J/mol.

### 3.3.5. Density of water {#se0180}

The expression to estimate the density of water is given by the Furbish [@br0480] is as shown in the equation [(37)](#fm0380){ref-type="disp-formula"}.$$\begin{aligned}
 & {\rho_{w} = \left( b_{0} + b_{1}T + b_{2}T^{2} + b_{3}T^{3} + b_{4}T^{4} + b_{5}T^{5} \right)} \\
 & {+ \left( p_{1} - p_{ref} \right)\left( a_{0} + a_{1}T + a_{2}T^{2} + a_{3}T^{3} + a_{4}T^{4} + a_{5}T^{5} \right)} \\
\end{aligned}$$ Where, $\rho_{w}$ is the density of water, $p_{1} = 1 \times 10^{7}\ \text{Pa}$, $p_{ref} = 2 \times 10^{7}\ \text{Pa}$, $a_{0} = 4.89 \times 10^{7}$, $a_{1} = - 1.65 \times 10^{- 9}$, $a_{2} = 1.86 \times 10^{- 12}$, $a_{3} = 2.43 \times 10^{- 13}$, $a_{4} = - 1.60 \times 10^{- 15}$, $a_{5} = 3.37 \times 10^{- 18}$, $b_{0} = 1.02 \times 10^{- 3}$, $b_{1} = - 7.74 \times 10^{- 1}$, $b_{2} = 8.77 \times 10^{- 3}$, $b_{3} = - 9.21 \times 10^{- 5}$, $b_{4} = 3.35 \times 10^{- 7}$ and $b_{5} = - 4.4 \times 10^{- 10}$.

### 3.3.6. Porosity {#se0190}

The porosity of the concrete during the hydration can be defined as [@br0020]:$$n = n_{\infty}A_{n}(1 - \alpha)$$ Where, *n* is the porosity, $n_{\infty}$ is the porosity of concrete when the degree of hydration is unity and $A_{n}$ is the empirical constant, it is determined from the experimental data. In the present study, $n_{\infty}$ is estimated based on ASTM [C642-13](astm:C642){#inf0020} standard [@br0490].

### 3.3.7. Thermal conductivity {#se0200}

The thermal conductivity of the moist concrete can be defined as [@br0500]:$$\lambda_{eff} = \lambda_{d}\left( 1 + \frac{4n\rho_{w}S_{w}}{(1 - n)\rho_{s}} \right)$$ Where, $\lambda_{d}$ is the thermal conductivity of the dry material and it is approximated through the experimental data.

### 3.3.8. Enthalpy of vaporization {#se0210}

The enthalpy of vaporization of water is calculated by using Watson formula [@br0510]. This expression is defined as:$$h_{v} = 2.672 \times 10^{5}\left( T - T_{cr} \right)^{0.38}$$ Where, $h_{v}$ is the enthalpy of vaporization and $T_{cr}$ is the critical point temperature of water and its value is 647.30 K.

3.4. Hydration model {#se0220}
--------------------

The properties of concrete such as compressive strength ($f_{c}$) Poison\'s ratio (*ν*), elastic modulus (*E*) etc. depends on the degree of hydration of cementitious material. It is very important to model hydration accurately to describe the material properties.

### 3.4.1. Hydration model for Portland cement {#se0230}

The Arrhenius equation is used to model the ordinary Portland cement (OPC). The effects of fineness of cement, chemical composition, water to cement ratio and curing temperature is considered in the model [@br0030], [@br0380], [@br0520]. The effects of environmental conditions on the cement hydration is considered by incorporating the appropriate boundary conditions (B.C.\'s). The details of the hydration model for OPC is as follows:

Arrhenius equation$$\overset{˙}{\alpha} = A_{\alpha}\beta_{\alpha}exp\left( - \frac{E_{a}}{RT} \right)$$ where *α* is the hydration degree, $E_{a}$ is the activation energy which depends on the chemical composition of the cement, *R* is the universal gas constant. $\beta_{\alpha}$ is the permeability of the hydration products around the unhydrated cement. $A_{\alpha}$ represents the chemical affinity which is defined as in equation [(42)](#fm0430){ref-type="disp-formula"}.$$A_{\alpha}\left( \alpha,Blaine,w/c \right) = k_{1}\left( \frac{A_{0}}{k_{1}\alpha_{u}} + \alpha \right)\left( \alpha_{u} - \alpha \right)$$ In equation [(42)](#fm0430){ref-type="disp-formula"}, $A_{0}$ is a function of Blaine\'s fineness and chemical composition of the cement, which is defined in equation [(43)](#fm0440){ref-type="disp-formula"}, $k_{1}$ is the material constant which is also a function of chemical composition defined in equation [(44)](#fm0450){ref-type="disp-formula"}.$$A_{0} = \frac{A_{0}^{c} \times Blaine}{350}$$$$k_{1} = 0.56 \times \left( p_{C_{3}S} \right)^{- 0.206} \times \left( p_{C_{2}S} \right)^{- 0.128} \times \left( p_{C_{3}A} \right)^{0.161}$$ where $A_{0}^{c}$ is the normalized affinity of cement and is a function of chemical composition of cement, which can be defined as$$A_{0}^{c} = - 0.0767p_{C_{4}AF} + 0.0184$$ where $p_{C_{4}AF}$ is a Bogue mass fraction of $C_{4}AF$.

In equation [(41)](#fm0420){ref-type="disp-formula"} $\beta_{\alpha}$ is defined as$$\beta_{\alpha} = exp( - \phi\alpha)$$ where *ϕ* is the parameter related to a function of hydration degree and curing temperature, which can be defined as$$\phi = \phi_{0}f_{1}f_{2}$$ In equation [(47)](#fm0480){ref-type="disp-formula"}, $\phi_{0}$ is a material constant which is a function of chemical composition of the cement given in equation [(48)](#fm0490){ref-type="disp-formula"}. $f_{1}$ and $f_{2}$ are the parameters that depends on Blaine\'s fineness, hydration degree and temperature, which is defined in equation [(49)](#fm0500){ref-type="disp-formula"} and [(50)](#fm0510){ref-type="disp-formula"} respectively.$$\phi_{0} = 10.945p_{C_{3}S} + 11.25p_{C_{2}S} - 4.10p_{C_{3}A} - 0.892$$$$f_{1} = 1 + \left( 1 - \alpha \right)^{2}ln\left( \frac{350}{Blaine} \right)$$$$f_{2} = \left( \frac{C_{293.15}}{C(T)} \right)^{10\alpha^{4}}$$ where *C* is the ratio of volume of hydrated products and reacted cement which can be defined as$$C(T) = C_{293.15}exp\left\lbrack - 28 \times 10^{- 6}\left( T - 293.15 \right)^{2} \right\rbrack$$ Where $C_{293.15}$ is the volume of hydration products to reacted cement at the temperature of 293.15 K, generally this value is taken as 2.2, according to Powers and Brownyard [@br0530]. The apparent activation energy $E_{a}$ proposed by Schindler [@br0340] is given in the equation [(52)](#fm0530){ref-type="disp-formula"}.$$E_{a} = 22100 \times \left( p_{C_{3}A} \right)^{0.30} \times \left( p_{C_{4}AF} \right)^{0.25} \times \left( Blaine \right)^{0.35}$$ Where $p_{C_{3}A}$ is the weight ratio of $C_{3}A$ with respect to total cement content, $p_{C_{4}AF}$ is the weight ratio of $C_{4}AF$ with respect to total cement content and Blaine value is the specific surface area of cement (m^2^/kg).

In equation [(42)](#fm0430){ref-type="disp-formula"}, $\alpha_{u}$ is the ultimate degree of hydration given by Lin and Meyer [@br0540] is as defined in equation [(53)](#fm0540){ref-type="disp-formula"}. This equation accounts for the effects of Blaine\'s fineness of the cement and curing temperature while calculating the ultimate degree of hydration.$$\alpha_{u} = \alpha_{u,293}exp\left\lbrack - 0.000003{(T - 293)}^{2}.\ SGN(T - 293) \right\rbrack$$ and$$SGN(T - 293) = \begin{cases}
1 & {\quad\text{if~}T \geq 293\ \text{K}} \\
{- 1} & {\quad\text{if~} < 293\ \text{K}} \\
\end{cases}$$ $\alpha_{u,293}$ accounts for the fineness of the cement and this can be defined as:$$\alpha_{u,293} = \frac{\beta_{1}(Blaine)w/c}{\beta_{2}(Blaine) + w/c}$$

with,$$\beta_{1}(Blaine) = \frac{10}{9.33{(\frac{Blaine}{100})}^{- 2.82} + 0.38}$$

and$$\beta_{1}(Blaine) = \frac{Blaine - 220}{147.78 + 1.656(Blaine - 220)}$$ $\beta_{1}(Blaine)$ and $\beta_{2}(Blaine)$ are valid only for Blaine\'s fineness is above 270 m^2^/kg. If the Blaine fineness is below 270 m^2^/kg, $\beta_{1}$ and $\beta_{2}$ is assumed to be a constant, that can be defined as:$$\beta_{1}(Blaine < 270) = \beta_{1}(Blaine = 270)$$ and$$\beta_{2}(Blaine < 270) = \beta_{2}(Blaine = 270)$$

### 3.4.2. Hydration model for fly ash as a mineral admixture {#se0240}

Based on the composition of the fly ash, Schindler [@br0340] proposed correction factor in the activation energy ($E_{a}$) in the hydration equation [(41)](#fm0420){ref-type="disp-formula"}. This correction in activation energy has been used in the present model along with cement hydration model.$$E_{af} = 22100 \times f_{E} \times \left( p_{C_{3}A} \right)^{0.30} \times \left( p_{C_{4}AF} \right)^{0.25} \times \left( Blaine \right)^{0.35}$$ where $E_{af}$ is the activation energy of cementitious material containing fly ash, $f_{E}$ is the correction factor which is given in equation [(60)](#fm0620){ref-type="disp-formula"}$$f_{E} = 1 - 1.05 \times p_{FA}\left( 1 - \frac{p_{FACaO}}{0.40} \right)$$ where $p_{FA}$ is the weight fraction of fly ash with respect to total cementitious material and $p_{FACaO}$ is the weight fraction of the *CaO* content of the fly ash. Total hydration of the blended cement containing fly ash can be written using equation [(41)](#fm0420){ref-type="disp-formula"} as:$$\overset{˙}{\alpha} = A_{\alpha}\beta_{\alpha}exp\left( - \frac{E_{af}}{RT} \right)$$

### 3.4.3. Ultimate degree of hydration for fly ash containing cements {#se0250}

The ultimate degree of hydration ($\alpha_{uf}$) for blended cement containing fly ash is given by the Schindler [@br0340], can be written as:$$\overset{˙}{\alpha_{uf}} = \text{ultimate\ degree\ of\ cement} + 0.5(p_{FA}) \leq 0$$ where $p_{FA}$ is the volume fraction of fly ash in terms of total ostentatious content.

3.5. Hydration model for silica fume as a mineral admixture {#se0260}
-----------------------------------------------------------

The silica fume (SF) reaction modeled same as cement hydration model. The Arrhenius type equation proposed by Lizio [@br0550] is stated in the equation [(63)](#fm0650){ref-type="disp-formula"}.$$\overset{˙}{\alpha_{s}} = A_{\alpha_{s}}\beta_{\alpha_{s}}exp\left( - \frac{E_{as}}{RT} \right)$$ where $\alpha_{s}$ is the hydration of silica fume, $A_{\alpha_{s}}$ is the SF affinity which is given in the equation [(64)](#fm0660){ref-type="disp-formula"}, $E_{as}$ is the activation energy of SF, $\beta_{\alpha_{s}}$ is the material constant, which is given in the equation [(65)](#fm0670){ref-type="disp-formula"}.$$A_{\alpha_{s}} = k_{s1}\left( \frac{A_{s0}}{\alpha_{us}} + \alpha_{s} \right)\left( \alpha_{us} - \alpha_{s} \right)$$$$\beta_{\alpha_{s}} = exp\left( - \eta_{s}\frac{\alpha_{s}}{\alpha_{us}} \right)$$ where $k_{s1}$, $A_{s0}$ and $\eta_{s}$ are the experimentally computed material constants are given by Yajun [@br0560]. $\alpha_{us}$ is the ultimate degree of SF reaction, this is defined in equation [(66)](#fm0680){ref-type="disp-formula"} given by Yajun [@br0560] and Luzio [@br0550].$$\beta_{\alpha_{u}s} = SF^{eff}min\left\lbrack 1,\frac{\left( s/c \right)_{req}}{s/c} \right\rbrack$$ and$$SF^{eff} = min\left( 0.16,0.4w/c \right)$$ According to Yajun [@br0560], all the calcium hydroxide (CH) produced during the cement hydration can consumed by the pozzolanic reaction when sufficient amount of SF available in the mixture. Silica fume to cement ratio (s/c) equal to 0.16 is required to consume all the CH during the pozzolanic reaction when water to cement ratio (w/c) of about 0.5. If the w/c ratio is less than the required SF $({(s/c)}_{req})$ to consume all the CH will be reduced proportionally. The Proportionality coefficient 0.4 were used in the equation [(67)](#fm0690){ref-type="disp-formula"}.

3.6. Heat of hydration {#se0270}
----------------------

### 3.6.1. Heat of hydration of cement: {#se0280}

Based on the cement composition Bogue [@br0350] proposed an expression to estimate the total heat of hydration of cement at complete hydration. This expression is represented as:$$L_{hydr} = 500 \times p_{C_{3}S} + 866 \times p_{C_{3}A} + 624 \times p_{SO_{3}} + 1186 \times p_{FreeCaO} + 850 \times p_{MgO}$$ Where, $L_{hydr}$ is the latent heat of hydration (J/g) when all the cement completely get hydrated, $p_{i}$ is the weight fraction of *i*th compound with respect to total cement content.

### 3.6.2. Heat of hydration of fly ash and silica fume: {#se0290}

According to Schindler [@br0340], the heat of hydration per gram of fly ash ($L_{Fa}$) reaction is given based on the percentage of *CaO* present in the fly ash.$$L_{FA} = p_{CaO} \ast 1800/100$$ For silica fume the latent heat of hydration given by Waller [@br0370] as 870 J/g.

### 3.6.3. Heat of hydration for blended cement containing fly ash and silica fume {#se0300}

Using equations [(68)](#fm0700){ref-type="disp-formula"} and [(69)](#fm0710){ref-type="disp-formula"}, and by considering the enthalpy of silica fume, the total enthalpy of blended cement can be written as:$$L_{hydr} = p_{c} \times L_{cem} + p_{FA} \times L_{FA} + 870 \times p_{SF}$$ Where, $p_{c}$, $p_{FA}$ and $p_{SF}$ is the weight fraction of cement, fly ash and silica fume respectively for blended cement. Equation [(70)](#fm0720){ref-type="disp-formula"} is used to calculate the total heat of hydration in the enthalpy balance equation [(9)](#fm0090){ref-type="disp-formula"}.

3.7. Mass of hydrated water {#se0310}
---------------------------

From the experimental studies, it is found that the 0.23 g of water is required to hydrate 1 g of cement completely [@br0530], [@br0570], [@br0580], [@br0590]. According to Maekawa [@br0600], the mass of hydrated water required to hydrate 1 g of fly ash is 0.1 g. This can be described as:$$m_{hydr} = 0.23 \times c + 0.1 \times FA$$ Where, $m_{hydr}$ is the mass of hydrated water, *c* and *FA* are cement and fly ash content of the mix respectively. This relationship is used to calculate the hydrated water quantity in the mass balance equation [(15)](#fm0150){ref-type="disp-formula"} as a source term.

3.8. Modeling of creep {#se0320}
----------------------

For modeling creep, a micro-prestress solidification (MPS) theory proposed by Bazant and Prasannan [@br0300], [@br0310] is used. According to MPS theory, the total strain rate can be written as$$\overset{˙}{\epsilon} = \overset{˙}{\epsilon_{e}} + \overset{˙}{\epsilon_{c}} + \overset{˙}{\epsilon_{f}} + \overset{˙}{\epsilon_{d}} + \overset{˙}{\epsilon_{sh}} + \overset{˙}{\epsilon_{T}}$$ where $\overset{˙}{\epsilon}$ is the total strain rate, $\overset{˙}{\epsilon_{e}}$ is the instantaneous elastic strain rate, $\overset{˙}{\epsilon_{c}}$ is the viscoelastic strain, $\overset{˙}{\epsilon_{f}}$ is the viscous flow strain rate, $\overset{˙}{\epsilon_{d}}$ is the inelastic strain rate due to damage and cracking, $\overset{˙}{\epsilon_{sh}}$ is the Shrinkage strain rate and $\overset{˙}{\epsilon_{T}}$ is the rate of thermal strain. The rheological representation of these strains with constant stress as shown in the [Figure 8](#fg0080){ref-type="fig"}.Figure 8Schematic rheological representation of total strain.Figure 8

In [Figure 8](#fg0080){ref-type="fig"} the spring element represents the elastic strain ($\epsilon_{e}$), the series of kelvin elements represents the basic creep ($\epsilon_{v}$), the slider represents the thermal ($\epsilon_{T}$) and shrinkage strain ($\epsilon_{sh}$) and the dash pot element represents the viscous flow strain ($\epsilon_{f}$).

### 3.8.1. Instantaneous elastic strain rate {#se0330}

The instantaneous elastic strain rate is the strain that occurs immediately after the stress rate applied, which can be written as$$\overset{˙}{\epsilon_{e}} = q_{1}G\overset{˙}{\sigma}$$ Where, $q_{1}$ is the material parameter, which depends on the elastic modulus of the concrete. Present model $q_{1}$ treated as a function of hydration degree. *G* is a constitutive matrix which is defined as:$$G = \left( \begin{array}{clrrrr}
{1\quad} & {- \nu\quad} & {- \nu\quad} & {0\quad} & {0\quad} & 0 \\
{- \nu\quad} & {1\quad} & {- \nu\quad} & {0\quad} & {0\quad} & 0 \\
{- \nu\quad} & {- \nu\quad} & {1\quad} & {0\quad} & {0\quad} & 0 \\
{0\quad} & {0\quad} & {0\quad} & {2(1 + \nu)\quad} & {0\quad} & 0 \\
{0\quad} & {0\quad} & {0\quad} & {0\quad} & {2(1 + \nu)\quad} & 0 \\
{0\quad} & {0\quad} & {0\quad} & {0\quad} & {0\quad} & {2(1 + \nu)} \\
\end{array} \right)$$ Poisson\'s ratio (*ν*) of 0.19 used in this model for concrete as a material.

### 3.8.2. Basic creep (visco elastic strain rate, $\overset{˙}{\epsilon_{v}}$) {#se0340}

The basic creep is modeled using a series of kelvin units schematically shown in the [Figure 8](#fg0080){ref-type="fig"}. This can be written as$$\overset{˙}{\epsilon_{v}} = \frac{1}{\vartheta}\overset{˙}{\gamma}$$ and$$\gamma = \sum\limits_{\mu = 1}^{N}\gamma_{\mu}$$$$\phi\left( t,t^{\prime} \right) = \sum\limits_{\mu}^{N}A_{\mu}\left\lbrack 1 - exp\left( - \left( t - t^{\prime} \right)/\tau_{\mu} \right) \right\rbrack$$ with$$A_{\mu} = \frac{1}{E_{\mu}}$$ where, $\gamma_{\mu}$ is the visco-elastic micro strain of *μ*th Kelvin unit and $E_{\mu}$ is the elastic modulus of *μ*th Kelvin unit which is defined as$$A_{\mu} = \frac{1}{E_{\mu}} = L\left( \tau_{\mu} \right)ln\left( 10 \right) \bigtriangleup \left( log\tau_{\mu} \right)$$ $L\left( \tau_{\mu} \right)$ can be calculated using continuous retardation spectrum for concrete given by Bazant and Yunping [@br0320] can be written as$$L\left( \tau_{\mu} \right) = q_{2}N\left( N - 1 \right)\frac{\left( 3\tau_{\mu} \right)^{N}}{1 + \left( 3\tau_{\mu} \right)^{N}}$$ where *N* is the number of kelvin units (*N* = 1,2,3\...N), $q_{2}$ is the material constant and which is a function of cement content and compressive strength of concrete. $\tau_{\mu}$ is the retardation time which can be calculated using the equation [(80)](#fm0830){ref-type="disp-formula"}$$\tau_{\mu + 1} = 10\tau_{\mu}$$

### 3.8.3. Aging creep (viscous flow strain $\epsilon_{f}$) {#se0350}

The aging creep is modeled using a dash-pot element. The dash-pot variable i.e., viscosity (*η*) is calculated from the differential equation given in equation [(81)](#fm0840){ref-type="disp-formula"}.$$\overset{˙}{\eta} + \frac{1}{\mu_{S}T_{0}}\left| T\frac{\overset{˙}{h}}{h} + ln(h)\overset{˙}{T} \right|\left( \mu_{S}\eta \right)^{p/{(p - 1)}} = \frac{\psi_{S}}{q_{4}}$$ where *η* is the viscosity, *h* is the humidity, $q_{4}$ is the material constant and which is a function of aggregate cement ratio (a/c). *p* is a constant, this value generally taken as 2, $\mu_{s}$ is given in the equation [(82)](#fm0850){ref-type="disp-formula"}$$\mu_{s} = c_{0}T_{0}^{p - 1}k_{1}^{p - 1}q_{4}\left( p - 1 \right)^{p}$$ where $k_{1}$, $c_{0}$ are constants, the *ψ* is defined in the equation [(83)](#fm0860){ref-type="disp-formula"}$$\psi(t) = \beta_{sT}\beta_{sh}$$ with$$\beta_{sT} = exp\left\lbrack \frac{Q_{s}}{R}\left( \frac{1}{T_{0}} - \frac{1}{T} \right) \right\rbrack$$ and$$\beta_{sh} = \alpha_{s} + \left( 1 - \alpha_{s} \right)h^{2}$$ where $Q_{s}$ is the activation energy and $\alpha_{s}$ is the material parameter.

### 3.8.4. Shrinkage ($\epsilon_{sh}$) and thermal ($\epsilon_{T}$) strains {#se0360}

The thermal strain can be modeled using the equation$$\overset{˙}{\epsilon_{T}} = \alpha_{T}\overset{˙}{T}$$ where $\alpha_{T}$ is the thermal expansion coefficient. Shrinkage strain can be written as:$$\overset{˙}{\epsilon_{sh}} = k_{sh}\overset{˙}{h}$$ where $k_{sh}$ is the shrinkage coefficient.

3.9. Willam--Warnke yield criterion {#se0370}
-----------------------------------

The above model is combined with Willam--Warnke [@br0330] yield criterion to capture failure surface. According to Willam--Warnke [@br0330], the three parameter failure criterion defined as:$$F_{w} = \sqrt{\frac{3}{5}}\frac{\tau_{o}}{f_{c}} + r(\theta)\left\lbrack \left( \frac{1}{f_{t}} - \frac{1}{f_{b}} \right)\sigma_{o} - 1 \right\rbrack = 0$$ where $f_{c}$ is the uniaxial compressive strength, $f_{t}$ is the uniaxial tensile strength and $f_{b}$ is the biaxial compressive strength of the concrete. The octahedral shear ($\tau_{o}$) and normal ($\sigma_{o}$) stresses of the concrete expressed as:$$\sigma_{o} = \frac{I_{1}}{3}\ \ \text{and}\ \ \tau_{o} = \sqrt{\frac{2J_{2}}{3}}$$ where $I_{1}$ is the first principle stress invariant and $J_{2}$ is the second deviatoric stress invariant. In the equation [(88)](#fm0910){ref-type="disp-formula"}, *θ* is the Lode angle and $r(\theta)$ is the segment of an ellipse on the octahedral plane and it can be defined as:$$r(\theta) = \frac{\left( 2r_{c}(r_{c}^{2} - r_{t}^{2})cos\theta + r_{c}\left( 2r_{t} - r_{c} \right)\sqrt{4\left( r_{c}^{2} - {r_{t}}^{2} \right)cos^{2}\theta + 5r_{t}^{2} - 4r_{c}r_{t}} \right)}{4\left( r_{c}^{2} - r_{t}^{2} \right)cos^{2}\theta + \left( r_{c} - 2r_{t} \right)^{2}}$$ where $r_{c}$ and $r_{t}$ are the compressive and tensile meridian and can be written as:$$r_{t} = \sqrt{\frac{6}{5}}\ \ \frac{f_{b}f_{t}}{2f_{b}f_{c} + f_{t}f_{c}}$$ and,$$r_{c} = \sqrt{\frac{6}{5}}\ \ \frac{f_{b}f_{t}}{3f_{b}f_{t} + f_{b}f_{c} - f_{t}f_{c}}$$

4. Results & discussion {#se0380}
=======================

Cylinder specimens are modeled to simulate creep as well as drying phenomena and validated with the measured experimental results. The specifications of the specimens were described in the section [2](#se0020){ref-type="sec"}. The specimens behavior modeled as 3D problem, and a mesh with tetrahedral elements used for space discretization. The material properties and parameters used in the model for all the concretes is shown in [Table 7](#tbl0070){ref-type="table"}. [Figure 9](#fg0090){ref-type="fig"} shows the mesh of cylinder specimen to model creep. From the present experimental work, four concretes namely, M45, F45, SCC70 and H25 are selected to validate the present model. These concretes cover effects of different mineral admixtures (fly ash and silica fume) and aggregates (granite and hematite). The remaining concretes also contain the same mineral admixtures and aggregates hence these results are not shown in this study. In the simulations, to fix permeability coefficient experimental water loss data has been used.Figure 9Finite element mesh for cylinder specimen.Figure 9Table 7Properties of different types of concretes that used in the numerical simulations.Table 7ParameterUnitM35M45F45SCC35SCC55SCC70H25n\[%\]18.515.2151613.211.516.5K\[m^2^\]1.6 × 10^−17^1.6 × 10^−17^1 × 10^−17^1.8 × 10^−17^1 × 10^−17^0.9 × 10^−18^1.8 × 10^−17^*E*~*a*~\[J/mol\]46029460293153046029387803922746029*L*~*hydr*~\[J/g\]472.9472.9350472.9426.28489.69472.9*ϕ*~0~6.76.76.76.76.76.76.76.7$A_{0}^{c}$\[-\]0.01220.01220.01220.01220.01220.01220.0122*k*~1~\[h\]0.530.530.530.530.530.530.53*a*\[-\]18.63718.623746.936418.623746.936446.936418.6237*b*\[-\]2.27482.27482.06012.27482.06012.06012.2748*ρ*\[kg/m^3^\]2320223223512113209421663602*λ*~*eff*~\[W/(m K)\]1.61.61.81.61.81.82.1${(C_{p})}_{eff}$\[J/(kg K)\]1020102010201020102010201500*Blaine*\[m^2^/kg\]372372372372372372372*α*~*u*~\[-\]0.910.890.910.910.880.890.91*μ*~*s*~\[1/(Pa\*s)\]1.49 × 10^−9^1.62 × 10^−9^1.34 × 10^−9^1.60 × 10^−9^1.55 × 10^−9^1.79 × 10^−9^1.25 × 10^−9^*k*~*sh*~\[-\]6.14 × 10^−4^6.51 × 10^−4^1.20 × 10^−4^5.91 × 10^−4^2.13 × 10^−4^0.76 × 10^−4^9.27 × 10^−4^${(f_{c})}_{28}$\[MPa\]38.655.151.239.15973.932.1(*E*)~28~\[GPa\]30373230313330[^2]

4.1. Creep of M45 concrete {#se0390}
--------------------------

The material properties and parameters of M45 concrete used to model creep strain is given in the [Table 7](#tbl0070){ref-type="table"}. This concrete was dried at the controlled environment of 70% RH and with the temperature at 25 °C and loaded at 14 days. The details of initial and boundary conditions used in the simulations are given in the [Table 8](#tbl0080){ref-type="table"}, [Table 9](#tbl0090){ref-type="table"} respectively.Table 8Initial conditions for creep test.Table 8VariableValue*p*~*g*~101325 \[Pa\]*p*~*c*~RH = 98%*T*298.15 \[K\]**u**0*α*~0~0.05Table 9Boundary conditions for cylinder specimen for creep test.Table 9SideVariableValue up to 24 hrs of timeValue after 24 hrs of timeTop*p*~*c*~*q*~*c*~ = 0*q*~*c*~ = 0*Tq*~*T*~ = 0*q*~*T*~ = 0**uu** = 0$\overline{\mathbf{t}} = 30\text{\%}$ of *f*~*c*~ at 14 or 28 days  Bottom*p*~*c*~*q*~*c*~ = 0*q*~*c*~ = 0*Tq*~*T*~ = 0*q*~*T*~ = 0**uu** = 0**u** = 0  Radial side*p*~*c*~*q*~*c*~ = 0RH = 60% or 70% and *β*~*c*~ = 0.002 \[m/s\]*Tq*~*T*~ = 0T = 298.15 \[K\] and *α*~*c*~ = 5 \[W m^−2^ K\]

[Figure 10](#fg0100){ref-type="fig"} describes the evolution of the degree of hydration over the period of 1000 hrs. [Figure 10](#fg0100){ref-type="fig"} shows a higher progression of hydration degree in the initial 24 hrs period, because of the temperature rise due to sealed conditions during this period. The ultimate degree of cement hydration ($\alpha_{u}$) is estimated from the hydration model as 0.89.Figure 10Simulated results of hydration degree for M45 concrete at mid point of inside the specimen.Figure 10

[Figure 11](#fg0110){ref-type="fig"} shows the comparison between numerical and experimental results of water loss data of M45 concrete. The simulation results show overall a good agreement with experimental results. [Figure 11](#fg0110){ref-type="fig"} indicates a higher water loss during the early age, this is because of a rapid drying takes place due to high level of free water available in the concrete. [Figure 12](#fg0120){ref-type="fig"} shows the variation of humidity from day 1 to 200 days at the center point of the specimen. From the [Figure 12](#fg0120){ref-type="fig"} one can observe a rapid decrease in RH during the period of sealed condition, this is because of self desiccation phenomena. The model also captures the self desiccation phenomena during the hydration. [Figure 13](#fg0130){ref-type="fig"} shows the variation of temperature during the hydration up to 72 hrs. A maximum temperature of 339 K is observed during the first 24 hrs of time under sealed conditions there after one can see a rapid decrease in temperature. This is due to exchange of heat with the environment.Figure 11Comparison of measured and simulated relative mass loss data with time for M45 concrete, cured at 70% RH and 25 °C temperature.Figure 11Figure 12Simulated relative humidity (RH) M45 concrete at mid point of inside the specimen (cured at 70% RH and 25 °C).Figure 12Figure 13Simulated temperature with time for M45 concrete during hydration at mid point inside the specimen.Figure 13

[Figure 14](#fg0140){ref-type="fig"} shows the comparison of simulated and experimental results of total compliance for M45 concrete loaded at 14 days. The simulated results show a good agreement with the experimental results.Figure 14Comparison of measured and simulated total complaince for M45 concrete loaded at 14 days (dried at 70% RH and 25 °C temperature).Figure 14

4.2. Modeling of creep for F45 concrete {#se0400}
---------------------------------------

The material properties and parameters of F45 concrete used to model creep strain is given in the [Table 7](#tbl0070){ref-type="table"}. This concrete dried at controlled environment of 60% RH and with the temperature at 25 °C and loaded at 14 days. The details of initial and boundary conditions used in the simulations are given in the [Table 8](#tbl0080){ref-type="table"}, [Table 9](#tbl0090){ref-type="table"} respectively.

[Figure 15](#fg0150){ref-type="fig"} describes the evolution of degree of hydration with time. This figure shows a higher progression of hydration degree at initial 24 hrs period, which because of the temperature rise due to sealed conditions during this period. The ultimate degree of blended cement hydration is estimated from the hydration model as 0.91.Figure 15Simulated results of hydration degree for F45 concrete at mid point of inside the specimen.Figure 15

[Figure 16](#fg0160){ref-type="fig"} shows the comparison between numerical and experimental results of water loss data of F45 concrete. The sorption isotherm given by Baroghel-Bounya et al. [@br0240] is used to model the water loss. The simulation results shows overall a good agreement with the experimental results. [Figure 17](#fg0170){ref-type="fig"} shows the variation of humidity from day 1 to 200 days at center point of the specimen. From [Figure 17](#fg0170){ref-type="fig"}, one can observe a rapid decrease in RH during the period of sealed condition, this is because of self desiccation phenomena. The model has the ability to capture the self desiccation phenomena during the hydration. [Figure 18](#fg0180){ref-type="fig"} shows the variation of temperature during the hydration up to 72 hrs. A maximum temperature of 324 K is observed during the first 24 hrs of time under sealed conditions there after one can see a rapid decrease in temperature. This is due to exchange of heat with the environment. The rise in temperature is less when compared to the M45 concrete, this is because of the presence of fly ash. The fly ash reacts slowly and intern slows the production of heat.Figure 16Comparison of measured and simulated relative water loss data with time for F45 concrete.Figure 16Figure 17Simulated relative humidity (RH) F45 concrete at mid point of inside the specimen (cured at 60% RH and 25 °C).Figure 17Figure 18Simulated temperature with time for F45 concrete during hydration at mid point inside the specimen.Figure 18

[Figure 19](#fg0190){ref-type="fig"} shows the comparison of simulated and experimental results of total compliance for F45 concrete loaded at 14 days. The simulated results show a good agreement with the experimental results.Figure 19Comparison of measured and simulated total complaince for F45 concrete loaded at 14 days.Figure 19

4.3. Modeling of creep for H25 concrete {#se0410}
---------------------------------------

The material properties and parameters for H25 concrete is used to model creep strain is given in the [Table 7](#tbl0070){ref-type="table"}. This concrete dried at a controlled environment of 70% RH and with the temperature at 25 °C and loaded at 28 days. Since this is a special concrete, the material properties like heat capacity, thermal conductivity, etc are different from the normal concrete. These properties are calibrated based on the data available from the literature ([@br0390], [@br0400], [@br0410]). The details of initial and boundary conditions used in the simulations are given in the [Table 8](#tbl0080){ref-type="table"}, [Table 9](#tbl0090){ref-type="table"} respectively.

[Figure 20](#fg0200){ref-type="fig"} shows the evolution of degree of hydration with the time for H25 concrete. This figure shows a higher progression of hydration degree at initial 24 hrs period, which because of the temperature rise, due to sealed conditions during this period. The ultimate degree of cement hydration ($\alpha_{u}$) is estimated from the hydration model as 0.91.Figure 20Simulation of hydration degree for H25 concrete at center point of the specimen.Figure 20

[Figure 21](#fg0210){ref-type="fig"} shows the comparison between numerical and experimental results of water loss data for H25 concrete. The simulation results show overall a good agreement with experimental results. [Figure 21](#fg0210){ref-type="fig"} indicates a higher water loss at initial time, this is because of a rapid drying due to high level of free water available in the concrete. [Figure 22](#fg0220){ref-type="fig"} shows the variation of humidity from day 1 to 200 days at center point of the specimen.Figure 21Comparison of measured and simulated relative water loss data with time for H25 concrete.Figure 21Figure 22Simulated relative humidity (RH) H25 concrete at mid point of inside the specimen.Figure 22

[Figure 23](#fg0230){ref-type="fig"} shows the variation of temperature during the hydration up to 72 hrs. A maximum temperature of 321 K is observed during the first 24 hrs of time under sealed conditions there after one can see a rapid decrease in temperature. This is due to exchange of heat with the environment. This concrete shows, the peak temperature is less than the other concretes. This is because of, the heat capacity of the hematite ore concrete is higher than the normal concrete. [Figure 24](#fg0240){ref-type="fig"} shows the comparison of simulated and experimental results of total compliance for H25 concrete loaded at 28 days. The simulated results show a good agreement with the experimental results.Figure 23Simulated temperature with time for H25 concrete during hydration at mid point inside the specimen.Figure 23Figure 24Comparison of measured and simulated total complaince for H25 concrete loaded at 28 days (dried at 70% RH and 25 °C temperature).Figure 24

4.4. Modeling of creep for SCC70 concrete {#se0420}
-----------------------------------------

The material properties and parameters of SCC70 concrete used to model creep strain is given in [Table 7](#tbl0070){ref-type="table"}. This concrete is dried in controlled environment at 60% RH and with the temperature at 25 °C, and is loaded at 14 days. The details of initial and boundary conditions used in the simulations are given in [Table 8](#tbl0080){ref-type="table"}, [Table 9](#tbl0090){ref-type="table"} respectively.

[Figure 25](#fg0250){ref-type="fig"} describes the evolution of degree of hydration with time. This figure shows a higher progression of hydration degree at initial 24 hrs period, this is because of the temperature rise is higher due to sealed conditions. The ultimate degree of blended cement hydration is estimated from the hydration model as 0.89. The fly ash and silica fume effects are considered while estimating the hydration degree. The total hydration of SCC70 concrete is calculated based on its mineral admixture fractions.Figure 25Simulated results of hydration degree for SCC70 concrete at mid point of inside the specimen.Figure 25

[Figure 26](#fg0260){ref-type="fig"} shows the comparison between numerical and experimental results of water loss data of SCC70 concrete. The x-axis shows drying time in days where as y-axis shows the relative water loss. The sorption isotherm given by the Bounya et al. [@br0240] is used to model the water loss. The simulation results shows overall a good agreement with experimental results. [Figure 27](#fg0270){ref-type="fig"} shows the variation of humidity from day 1 to 200 days at center point of the specimen. The simulated RH at 200 days is 70% but the environmental RH is 60%. This indicates the specimen RH has not reached equilibrium with environmental RH due to its slow drying process. This slower drying is because of its lower permeability coefficient when compared to the other concretes. [Figure 28](#fg0280){ref-type="fig"} shows the variation of temperature during the hydration up to 72 hrs. A maximum temperature of 350 K is observed during the first 24 hrs of time under sealed conditions there after a steep decrease in temperature is observed. This is due to exchange of heat with the environment. The rise in temperature is higher when compared to any other concretes, this is because of the presence higher cement and silica fume in the mix. The silica fume reacts rapidly and produces a higher heat than the cement.Figure 26Comparison of measured and simulated relative water loss data with time for SCC70 concrete.Figure 26Figure 27Simulated relative humidity (RH) SCC70 concrete at mid point of inside the specimen (cured at 60% RH and 25 °C).Figure 27Figure 28Simulated temperature with time for SCC70 concrete during hydration at mid point inside the specimen.Figure 28

[Figure 29](#fg0290){ref-type="fig"} shows the comparison of simulated and experimental results of total compliance for SCC70 concrete loaded at 14 days. The simulated results show a good agreement with the experimental results.Figure 29Comparison of measured and simulated total complaince for SCC70 concrete loaded at 14 days.Figure 29

4.5. Modeling of creep for a benchmark problem {#se0430}
----------------------------------------------

For validation of the above said model, a RCC beam studied for creep is selected [@br0420]. In this study [@br0420], the beam is cast and cured till 28 days and then a cracking load is applied and measured the deflection. This cracking load is sustained to measure time dependent deflection. The experiment was continued to till 380 days from the time of loading and deflection was measured. The FEM mesh for the beam and cross sectional and reinforcement details (2 nos 10 mm bars at bottom, 2 nos 6 mm bars at top and 6 mm stirrups at 100 mm intervals were used) as shown in the [Figures 30](#fg0300){ref-type="fig"} and [31](#fg0310){ref-type="fig"} respectively. For discretizing the beam domain, a 8 node brick elements were used for concrete and 2 node link elements were used for reinforcement. The biaxial compressive strength of the concrete is taken as 1.2 times of the uni-axial compressive strength.Figure 30FEM mesh for the RCC beam.Figure 30Figure 31Details of the RCC beam.Figure 31

The detail of the material properties that has been used in the analysis is summarized in the [Table 10](#tbl0100){ref-type="table"},. For the boundary conditions, the study has not provided the casting details. Hence in the analysis, the first 7 days is assumed to be a sealed boundary conditions for all the sides except top longitudinal side. After 7 days, the environmental humidity and temperature reported in the study is specified on the boundaries. The initial conditions are specified in the [Table 8](#tbl0080){ref-type="table"} and the boundary conditions used in the simulation is as shown in the [Table 11](#tbl0110){ref-type="table"}. The Willam and Warnke yield criterion [@br0330] is used to capture an extra yield surface due to plasticity. The cracking effects is considered through the smeared crack model [@br0430] while modeling the beam.Table 10Properties of concrete and steel used in the model.Table 10ParameterSymbolUnitValueConcretePorosity*n*\[%\]12Cement*c*\[kg/m^3^\]331Water to cement ratio*w*/*c*\[-\]0.45Aggregate to cement ratio*w*/*c*\[-\]5.1Blaine*Blaine*\[m^2^/kg\]372Permeability*k*\[m^2^\]1 × 10^−18^Activation energy*E*~*a*~\[J/mol\]46029Heat of hydration*L*~*hydr*~\[J/g\]472.9Ultimate hydration*α*~*u*~\[-\]0.9parameter $A_{0}^{c}$ in equation [(45)](#fm0460){ref-type="disp-formula"}$A_{0}^{c}$\[-\]0.0122Parameter *k*~1~ in equation [(44)](#fm0450){ref-type="disp-formula"}*k*~1~\[h\]0.53Parameter *a* in equation [(32)](#fm0330){ref-type="disp-formula"}*a*\[-\]18.6237Parameter *b* in equation [(32)](#fm0330){ref-type="disp-formula"}*b*\[-\]2.2748Density*ρ*\[kg/m^3^\]2178Thermal conductivity*λ*~*eff*~\[W/(m K)\]1.7Specific Heat${(C_{p})}_{eff}$\[J/(kg K)\]1020Elastic modulus*E*~*c*~\[GPa\]26.25Poisson\'s ratio*ν*\[-\]0.20Compressive strength*f*~*c*~\[MPa\]31.61Viscous parameter*μ*~*s*~\[1/(Pa\*s)\]1.44 × 10^−9^Shrinkage coefficient*k*~*sh*~\[-\]6.82 × 10^−4^SteelElastic modulus*E*~*s*~\[GPa\]203.07Yield stress*f*~*s*~\[MPa\]413.56Table 11Boundary conditions of the beam.Table 11SideVariableValue up to 7 daysValue after 7 daysFor $p_{c}$ and *T*All sides (except top side)*p*~*c*~*q*~*c*~ = 0RH = 60% and $\beta_{c} = 0.002$ \[m/s\]*Tq*~*T*~ = 0T = 298.15 \[K\] and *α*~*c*~ = 8 \[W m^−2^ K\]  Top side*p*~*c*~RH = 60% and *β*~*c*~ = 0.002 \[m/s\]RH = 60% and *β*~*c*~ = 0.002 \[m/s\]*T*T = 298.15 \[K\] and *α*~*c*~ = 8 \[W m^−2^ K\]T = 298.15 \[K\] and *α*~*c*~ = 8 \[W m^−2^ K\]For *u*Left bottom edge*u*--*u*~*x*~,*u*~*y*~,*u*~*z*~ = 0Right bottom edge*u*--*u*~*z*~,*u*~*y*~ = 0Top side*u*--$\overline{t} = 7.5$ kN/m, applied at 28 days

[Figure 32](#fg0320){ref-type="fig"} shows the simulated degree of hydration at center point of the beam. In this figure x-axis shows the time in hours and the y-axis shows the hydration degree. The hydration degree at 5000 hrs from the time of casting is about 0.89.Figure 32Simulated hydration degree for RCC beam.Figure 32

[Figure 33](#fg0330){ref-type="fig"} shows the simulated relative humidity at center point of the beam. From [Figure 33](#fg0330){ref-type="fig"}, one can observe a light decrease in RH from day 2 to day 7, this is because, the self dessication is high during first day because of rapid hydration, there after the self dessication is slow hence reduction in RH also slows. And also this figure shows that the value of RH is about 71% at 400 days from the time casting and the environmental humidity is 60% RH, this indicates the beam is not reached to the equilibrium.Figure 33Simulated relative humidity for RCC beam.Figure 33

[Figure 34](#fg0340){ref-type="fig"} shows the variation of temperature during the hydration up to 72 hrs. A maximum temperature of 320 K is observed during the first 24 hrs of time under indicated boundary conditions [(11)](#tbl0110){ref-type="table"} there after a gradual decrease in temperature is observed till seven days and there after the beam is achieved an equilibrium condition.Figure 34Simulated temperature for RCC beam at center point from bottom of the RCC beam.Figure 34

[Figure 35](#fg0350){ref-type="fig"} shows the comparison of measured deflection with simulated deflection results. The model shows a good agreement with experimental values.Figure 35Comparison of experimental and simulated results for total deflection of the RCC beam.Figure 35

[Figures 36](#fg0360){ref-type="fig"} and [37](#fg0370){ref-type="fig"} shows the simulated results of relative humidity gradients at 23 hrs and 200 days. [Figure 36](#fg0360){ref-type="fig"} shows a rapid decrease in humidity from initial condition 98% to 94% at 23 hrs, this is due to the self dessication of cement hydration. [Figure 37](#fg0370){ref-type="fig"} shows the gradual drying of concrete. Where the relative humidity decreased from 94% to 72% at center of the specimen.Figure 36Simulated RH of the beam at 23 hrs.Figure 36Figure 37Simulated RH of the beam at 200 days.Figure 37

5. Conclusions {#se0440}
==============

This study investigates the effects of mineral admixtures as well as type of aggregate on drying and creep properties of concrete through an experimental and analytical study. Based on experimental and analytical results the following conclusions can be drawn.•H25 concrete shows a higher creep strain than any of the other concretes due to the lower water absorption coefficient of hematite aggregate.•The F45 concrete showing higher compressive strength over the age due to its prolonged hydration. The F45 concrete shows lower creep strain than the normal M45 concrete. The high volume fly ash concretes shows a prolonged hydration and this increases the stiffness over the time. This increase in stiffness reduces the creep strain.•SCC35 concrete shows a higher creep than the other SCC concretes. This difference comes from the aggregate to cement ratio (a/c), higher the aggregate to cement ratio, lower the creep. M35 concrete has higher a/c than the other SCC concretes.•SCC70 concrete shows a lower creep than any other concrete throughout the drying period. This is due to its lower permeability and this delays the rate of drying and reduces the drying creep.•Fly ash concretes shows a lesser creep than OPC concretes.•The governing equations of the model are developed based on a poromechanics approach. The state variables of the model is capillary pressure $p_{c}$, temperature *T*, and displacements *u*. The internal variable of the model are the degree of hydration *α*. The effects of mineral admixtures, like fly ash and silica fume, are considered while estimating the degree of hydration. The material properties of concrete, like porosity, compressive strength, elastic modulus, etc. are treated as a function of the degree of hydration.•The micro prestress solidification theory is used in conjunction with estimates of $p_{c}$ and *T* to validate creep of concrete. This model is validated with the available reported data and with experimental data from the present study. The model accurately predicts the temperature and relative humidity (RH) gradients of the concrete during the hydration and beyond. This helps to predict long term deformation like creep accurately. The temperature and RH are the main parameters for most of the creep prediction models. The present is able to predict the creep strains and water loss data (drying phenomenon) for all the different concrete types having different strengths and curing conditions very well indicating the robustness of the model.•The model has predicted results for creep strains at mid point in a reinforced concrete beam under sustained loads and varying environmental conditions with good agreement indicating its robustness.
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[^1]: Note: C is cement; CA(G) is coarse aggregate (Granite); CA(IO) is coarse aggregate (Iron ore); NRS is natural river sand; CS(G) is crushed sand (Granite); $FA_{g}$ is fine aggregate; IOS is iron ore sand; w/c is water to cement ratio; w/b is water to binder ratio; FA is fly ash; SF is silica fume and AD is admixture.

[^2]: Note: (i) the material properties *n*, is estimated through the porosity tests conducted in this study. *K* is estimated based on the drying tests conducted in present study. *ρ* is estimated based on the material proportion that specified in the concrete mixes, ${(f)}_{c,28}$ and ${(E)}_{28}$ were estimated from the strength tests from the present study. (ii) *Ea* is calculated from the paper [@br0340], $L_{hydr}$ is calculated from the papers [@br0350], [@br0370], [@br0360]. The parameters, $\phi_{0}$, $k_{1}$ and $A_{0}^{c}$ are estimated from the paper Lin and Meyer [@br0380]. $\lambda_{eff}$ and ${(C_{p})}_{eff}$ for all the concretes except H25 mix taken from the paper Gawin et al. [@br0020], $\lambda_{eff}$ for H25 concrete taken from the ASTM standard [@br0390]. Parameters *a* and *b* in sorption isotherm equation have taken from the paper [@br0240].
